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mile between the time histcq of skin temperature “
of a V-2 missile ad the time histoq of the
by the us’eof Eber’s experimental relation for

heat-tranEfer coefffcients for conical bodies under supersonic conditions.
The agreement obtatied is ~elt to justify the use of Eber’s relation
in the calculation of sldn temperatures under fli@t conditions. A I

general method.developed for nmldng such skin-temperature calculations
is used to compute the variation-of skin temperature with time for a
wide range of values of the pertinent parameters. The results show
that by proper selection of the basic parameters the increase of skin
temperature during a lhited time of flight can be held to structurally
permissible values. Methods are given for taking into account, when
necessary, the effects of solar heating ad. the radiation exchanged
between the skin and atmosphere. The histories of skin temperature
are computed for hypothetical supersoriicflight plans .

momcmo~

Because of the hi~ stagnation and boundary-layer tampera~ures
associated with su~ersonic speeds, the effects of aerodynamic heating
have been of much concern to the designers of supersonic air-home
structures. Ve.luesof sldn temperature under steady-state conditions
are calculated in reference 1. This paper shows ths necessity of
allowing for the variable specific heat of air in stagnation-temperature
calculations and by allowing for radiation shows that skin temperatures
can be lower than boundary-l~er temperatures. The skin-temperature
values calculated are high, howevery~from a structural or from an
operational standpoint, and the results are based on an extension
of subsonic heat-transfer coefficients to a supersonic wedge-shaped
airfoil. ‘For this extension no experimental verification io yot
available.

Expertiental Information on aerodynamic-heating effects under
supersonic conditions has been fragmentary. During the courso of a
series of V-2 missile flights at White Sands, N..Mex., the Naval
Research Laboratory has, however, made a number of measurements of tho
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2 NACA TN NO. 1724 .

variation of SW
obtained on March

temperaturewith time. (See reference 2.) The data
7, 1947 on the cotical warhead of missile 21 are of

particular interest-since these data can be compared with the results of
calculationsbased on An eqerlmental relation for supersonic heat-
tzvansfercoefficientfor cotical bodies given in reference 3. <

.Since the results of reference 3 sre in such a form that they
couldle used in genersl calculations of the variation of skin tempera-
ture with time, such a coqarison is of particular interest, especiaUy
if it hilicates that the results of reference 3 cm le extended.to
flight Conllttiom.

The purpose of the present paler is to show the order of agreement
between the time history of skin temperatures measured on the V-2 missile
and the time history of temperatures calculated by ‘useof the results
of reference 3. A general method of making such calculations is given
which makes possible the calculation of the time history of skin
temperature for a wide varie~ of structural
The equations given are sufficiently general
ratiation.can be -investigatedas well as the
space and the ambient atznosphere.

and flight-path parameters.
that the effects of so~
radiation received from
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area, square feet

factor (see equation (B2))

SOW constant (O.llg2Btu/(sq ft)(see))

specific heat of skin mterial, Btu/(lb)(OF)

specific heat of air at constant pressure, Btu/(lb)(%’)

sldn factor (cIw), Btu/(sq ft)(OF)

acceleration due to gravity (32.1740 ft”/sec2)

heat-transfer coefficient, Btu/(see)(sq ft)(%)

enthalpy per unit mass of air corresponding to total temperature,
Btu per yound

enthalpy per unit mass of air corresponding to ambient temperature,
Btu per pound

altitude, feet

mechanical equivalent of heat (778.27 ft-lb/Btu)
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temperature recoveq factor

therml conductivity of air, Btu/(f3ec)(sq ft)(Ol?/ft)

characteristiclength, feet

Mach numler

Nusselt nwiber (h2/k)

Prand.tlnumber (cp~g/k)
.

pressure of ambient atmosphere, pounds yer square foot

pressure of stan=atzno~ere at sea &el (21J.6.229 lb/aqft)

quanti~ of heat, Btu

Re@olds number (V2P/IJ)
/

temperature, OF absolute

ambient atmospheric temperature, % absolute

boundary-lqer temperature, % absolute

equl~lrium skh temperature, % absolute

mean skin teqerature over the titerval At, OF alsolute

temperature of stmdard atmmphere at sea level (ZL8.40 F abs.)

Totential temperature, a fictitious temperature defined in
equation (B2), OF absolute

skin temperature, %? absolute

t.alalor s_&nation temperature, % absolute

time, seconds

veloci~, feet per second -

.-.-3 -LA —-..—3-

.-

wu~gub, pmulm3

specific weight of sldn material, pounds yer ctibicfoot

total apex an@e of cone, radians (or Qz)

adiabatic exponent ‘

sky radiation factor (See appendix A.)

.—.- ----- —-— _- ._. . . —--- — . .—y . ..— ..— —.—— . .. . . .—.



4 J

emissivi~

density of

density of

atmosphere, slugs per cubic foot

the stan&rdatisphere at sea level (0.002378 slugs/ft3)

Stefan-Boltzmannradiation constant

( Btu
0.47594X 10-~

)(sq ft)(sec)(oF abs.)k

skin thiclmess, feet (or-in.) “

coefficient of viscosi~ of air, pound-second per square foot

coefficient of Tiscosi@ of air at sea-level conditions
(3 .7250 x 10-7’lb-sec/sq ft)

lihermallag constapt, seconds

Subscripts:

1 start of t~e interval

2 end of time titerval

A bar denotes average values in the ’ti.meinterval At.

BASIS FQR SKEN—~

Heat-balance equation.- If the initial
flight path are given, the sldn temperature

CAIXUIATIONS

Conilitionsand the specified

can be evaluated as a function
of time-by meu-of -&e following &ferential equation which is derived
in appendix A:

13Ts—=
at c-l-w

H

Equation (1) takes into account the heat gained or lost by thermal
conductivi~ in the boundary layer, the exchsage of radiant ener~
between the S- and the surrounding atmosphere, and.the heat gained
from the sun. The physical properties of the ski.nmaterial me taken
into account in the product CTW which in the rest of this paper
is called the skin factor G. me equation applies to a thin skin
under the assumption that n&conduction or radiation of heat to other
partsof the structure occurs.

(1)

— _ —________.. ...-,-. ,,
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,

Equation (1) is a nonlinear differential
the ex@icit integral is not useful but which

equation for which
c= be integrated @

numerical methods. By use of average values of the various quantities
over successive time intervals Atj the relation letween skin
temperature emiltime can le erpressed in the following equation:

{

-(--@ +~fJ[(wTS2=TS1+ h%

The subscript 1 is used’to denote the
subscriyt 2, the end of the interval. The
average values in the time interval At.

In order to tie use of equations (1)

start of the interval
tm.ris used to denote

(2)

and”

and (2), the values of heat-
transfer coefficient h and boundary-layer tempe~ture ~ must be

known. Methods for detezmnn these factors, based on experiments at
supersonic syeeds, have been given in reference 3 amilare utilized in
the present paper.

Heat-treasfer coefficient.- The value of h to be used in equations
and (2) nm.y%e detemined from reference 3 in which heat-transfer data
were correlated on the lasis of nondimensional parameters and a shape
factor by means of the equation

Nu= (0.0071 +0.01AP0”~)R0”8

This eqution’correlates wind-tumnel exyerigents

(3)

on a series of
conical models with apex angle fl of 10° ta 120° covering a.Mach

nuniberrange of 1.2 to 3.1and a Reynolds number range of 2 XIO~

to 2x lob. An examination of the unpublished experhental data on
which equaticm (3) is based shows that in camputtig the value of Nu
and R, Eber based the conductivity azylcoefficient of viscosity on the
bounda~-layer temperature,while the density used was the density in the
free streem ahead of the model. The characteristic length was the toteJ-
length of the conical model as measured along the surface (length of
generatrix), and the value of heat-tremfer coefficient was the average
value for the entire surface. The Trandtl nimiberwas taken as constent
end igpored h determining equation (3), and only experimental data for
which the shock wave was attached to the model were included.

, In the extension of equation (3) to the calculation of skin temper-
atties in flight, selection of a teqerature which characterizes
conditions within the boundary layer, end also a characteristic length,
are necessary in order to evaluate h. The experimental data of re-
ference 3 were obtained under transient conditions which Nffered ,
from equilibrium by, at most, 360 F. The characteristic temperature
used as appropriate to such conditions is the boundary-layer temperature

(1”

. . .. . .--— —___ —z. .—. —- .———. — .—------ ..— - - .– —-- . ..— . ._ —._ .. ___ .—



6 NACA TN NO. 1724

or stagnation temperature suitably corrected by the recovery factor K. .
UMer flight con&Ltions with a finite.thiclmessof structural material,
the sldn temperature can be as much as severel thousand degrees less
then the boundary-~er tenqerature Tfj. The sldn t~eratme modifies
the temperature of the ati in the immediat~ vicini@ of the sldn amd.,
consequently, the heat-transfer capaci~ of the boundary layer. There
is, therefore, a question as to whether the value of h should be
based on ~, on Ts, or perhaps on some intermediate temperature.

For skin-te~erature qe.lculationsin which conduction of heat
along the thin sldn may be negleoted, as in equation (1), tie local
value of heat-transfer coefficient at any particular pob.t is needed.
h the etiension of equation (3) to flight conditions it has been
somewhat arbitily assumed that eqtition (3) cm be used.to obtain
a local value of h if the characteristiclength is taken as the
Ustance of fig particular petit from the vertex of the conical body,
measured along the surface. The selection of the proper characteristic
length is also a ~ert of the question of the range of Reynolds rnmler
over which eqmtioa (3) may be considered valid. In the calculations
of the present paper, equation (3) has been used regardless of the
value of R. la the absence of other e~erhental Enrpersonicheat-
transfer data, the validity of the asswnption8 alout a characteristic
temperate, characteristiclength, ad Reynolds number may be tested.
by comparison with the results of flight tests.

For convenience in calculation of the value of the heat-transfer
coefficient, equation (3) may be rewritten in the following form:

0.0071 + o .ol~p o05 0.8 * 0.8
h= 10.2

p o
o— PO

liIthe evaluation of equation (4), the values of p and k
corresponding to values of ~ less than 24-OOoF absolute may be

based on table 3 of reference 4.. For values of ~ greater than

24-00°F absolute, approximate
by use of &e assumptions”that

at high te~eratures and that

Equation (5) is a tentative ap~r~tion based on
data in reference 4 and should be used only in tie
&Lta on the viscosity of air at hifjtitemperatures.

\

(4)

k may be determined

I
cppg k is equal to Q.65

(5)

&

extrapolation of the <,
absence of experimental

-— ——— ——.__—_—. . .._—
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values of p/p. for preesure ~titties from sea level to 65,000 feet
may be taken from &bles of the NACA standard atmosphere (reference 5);
v~ues of p/p. for ~tituies above 65,000 feet corresponttng to the
tentative standard atmosphere my be found in table v of referance 6.
For say particular configuration (I3 and- Z specified) when the relation-
Ship between pressure, tempera~ej and ~ti~e is ~own (from
measurements or from t..ablesfor the stamdard almmsphere), the value of
the heat-tramfer coefficient h cm be computed when altitude and.
veloci.~ (or Mach number) we specified.

Boundary-layer temperature.- The boundary-~er temperature ~
may be evaluated.from the equation -

~= TA+Kk’-”)
Values of the temperature recovery factor K for conical.bodies in
supersonic flow are given in figure 1.

The stagnation temperature .TT correspondQj to any specified
values of veloci~ amd ambient temperate is given by the following
relation for adiabatic compressible flow at constant total ener~

(6)

(7)

If the range of temperature change is such that c~m.ybe
considered constant, equation (7) can be integrated directly, and the
result of the integration can be expressed as.

(’ )TT=TAl+~ (8)

Although this expression is a convenient one, values of T’ given by

equation (8) are too M% at him
however, be conveniently evaluated
which gives values of the function

S
T

400

values of M. Fquation (7) may
by use of table 1 of reference L

CPm

—-..—. .. . ...— —.-—— —- —.. . — ..— ..-. —., .- ~,., ——— _ —.—. ..—-—.
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for the enthal~ or total heat of air over a rauze of temperature T
from 300° F absolute to 65000 F absolute. w us&g this ‘tible,the
stagnation te~erature ~ be obtained from the relation

Values of ~ from equation (9) are compared with those given
equation (8) with 7 = 1.4 in table I. At a Mach number of 8 and

(9) .

ty

TA= 392.4° F absolute, the stagnation tmqerature is 732° F less than
the value given ~”equation (8) with 7 = 1.4.

,
Skin factor.- Stice the thickness, specific heat, and.syecific

weight of the ah mterial enter the clifferential equation for skin
teqerature as the product of the three quantities, the results of an
integration of equation (2) for a particular value of G a~ply to
smy structural material of high thermal conductivitgamd of sufficient
thickness to give the specified value of G. “Valuesof c and w for
several comnon3y used aircraft structural materials are given in
table II. The values of c for wrought iron and stainless steel are
average values for which the temperature range is not specifically
given h reference 7. b view of the large temperature variation of the
specific heat of iron, allowance may sometties need b he made for the
chimge of G with temperaturewhen calculations are specifically
concened with iron or steel. (See reference 8.) Values of G corre-
sponding to various thicknesses of aircraft structural materials (and,
for iron and steel to various temperatures) are shown in figure 2.

.

.

CALCULATIOIVOF SKCN ~

The application of equations (1) or (2) to the determination of
skin tqerature requires that certain basic parameters and td.tial.
cond.iti~ be specified. These basic parameters which characterizee
the flight plan and the structure are Mach number M, altitude H,
length 2, cone angle ~, emissivi@ e, and sldn factor G. In
addition, when sldn temperature is to be calculated a~ a function of
the, the initial skin temperaturemust be specified.

Time-history calculations.- The variation of skin temperature
with ttie while an atrylane or missile foUows a particular flight
yath in which sither speed or altitude or both vary is often of much .

interest. Calculations of such a time histo~ are easily performed
by use of equation (2) in which average values of h, TB, 5, and TA
axe used. For yrelimhary design purposes, to detezmine the range of
sti temperature expected ad to determine the relative importance of
the various basic ~ters in ldmitdng the temperature to structurally
Tossible values during a flight of limited duration, it is convenient to
use a hy_potiheticalflL@t plan corresponding to the step function (

— .——. — ._. .——. ——— — -----—- -—-—.- .-
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.

frequently u8ed in the analysis of kansient phenomena. ~ this
~othetical flight plan it is assumed that the altitude is constant,
that the value of M is reached instantaneouslyat t = O, and that
the initial .sl&ntemperature is equal to the temperature of the ambient
atmosphere. Time-history calculations using this fll@t plan are
Wticulerly smle; an outline of the method and an example are given
in appendix B.

E@librimn sldn temperature.- The equilibrium S- tqerature Te

is the slslntenmerature which would be reached after a sufficient layse
of time under E&&&-f li@t conditions at constant altitude.’ The vai.ue
of Te is independent of G and may le approximately equal to TB, or
very much less. The value depends on the value of h and the ~ortance
of the radiation terms. Equation (1) defines the value of Te, since in

d%
the limit as t+”, ~~ ~ O and equation (1) reduces to

(lo)

For my specified conditions the term In the brackets is a constant
which, once detemdned, is one of “thetwo constants in an equation of

the type ax4 +x- b=O. The positive real root of equation (10)

maY genem be locati qticld-yby trial and error or by Newton’s
method of approximation as given in a numler of standsrd mathematical
works such as reference 9.

RE3UJX5 AND DISCUSSION

Validitjyof sldn-temperaturecalculations.- Skin te~eratures
have been measwed at two points on the conical warhead of V-2 missile 21
(reference2). These flight measurements cm be peed as an index of
the applicability of eqwtion (3) to fli@t and of the kind.of errors
to be exyected when equations (1) and.(3) are used.for skLn-temperature
calculations under f~ght conditions.

Based on data supplied by the Naval.Research Laboratory and also
given in reference 2, the values of sldn temperature measured on both
the forward aluminum-alloy section and the rear steel section of the
warhead of missile 21 are @ven in table III along with tie radar-
tiacking data, the pressure and temperature of the ambient atmosphere,
and the perttient structural.details. The values of pressure were
determined from instruments located in the missile; the ambient
temperature up to ~ ,000 feet was determined-from radiosonde data, and
temperatures alove SO,000 feet are as reported in reference 2.

— —.——-—-— .—-— —-. -.—, . ..— — _ .—. —_— _ . _________ .. . . .. ____ . . . .. -. - ... . .



10 NACA TN NO. 1724

The time histories of sld.ntemyeratwe for the alminum-alloy and
the steel sections have been calculated by the methods outlined tn the
present ya~er. For the aluminum section, a value of skin factor of 0.34\
was used, correspondingto a thickness of 0.105 inch. ‘This value
was selected stice the ~nsions of the tmqerature gage attached to
the inside of the sldn were so lsrge in coqmrison with the skin thlclmess
that the temperaturesmeasmed were judged to be more nearly representative
of the increased Iibiclnessat the gage station. Because of the much
greater heat cayaci@ of the steel section, no correction was made for
the local increase at the gage station, but the v&iation with temyerature
of the SW factor for steel, as shown in figure 2, was .dlowed for b
_ the calculations. ~ order to allow for radiation, a value
of ~ = 0.9 was used,as representative of the emissivi@ of the lacquer
finish of the nose section. Since the effects of solar heating were
found to be ne@igihle, no atteqt was made to allow for them.

The measured sldn t~eratures for this V-2 niissileere shown
b figure 3(a). Some of the fli@t-path data are shown in figure 3(b)
which, for yuqmses of comparison, also shows the skin temperatures
measured on the alumlnum section. Also shown in figure 3(a) are two
calculated time histories of skin temq?eraturefor both the aluminum-
alloy emd the steel sections. For the solid tie in’each case the
value of h was based on ~; for the dashed line the value of h

was based on %“

The precision of the meastied sktn te~eratures is @ven as h8° F.
(See table III.) When both the aluudnum-adloy and the steel sections
are considered.,the agreement between measured.and calculated skin
temperatures is better for the calculations in which h is based on TB.

The measured t~eratmes lie between the calculated temperatures in the
case of the aluminum-alloy section but are greater than either of the
sets of calculated temperatures fi the case of the steel section.

In order to make the calculations shown in figure 3(a), equation (3)
has leen used whether or not the value of R based on TB fell in the

range of the experiments of reference 3, that is, 2X105 to 2X106.
Although at 100 seconds the value of R for the aluminum section had

fallen to 100, dur~ that yart of the flight in which significant
aerodynamic-heattigeffects occurred.,10 to 70 seconds, the value of R
for both the aluminum emi steel sections fell in the ~ 107 to

2 x 104, values which do q.otdiffer from the rsmge of the e~eriments
of reference 3 by more than a factor of 10. ~ view of the agreement
obtained the fol.lowhg remarks are thought to be justified.

1. The eqerhental relation for heat-transfer coefficientsfor
cotical boties under supersonic conditions

Nu = (0 .0071 + ().0154f1°“~)RO“8

given by Eber in reference 3 may be extended to flight conditions.

.

●

.

-— —— -. ——... ——. .. —- —— —--- . ----- —-- ,——
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NACA TN NO. 1724 u.

2. Satisfactory agreement letween measured skin temperatures and
temperatures calculated on the basis of Eberl# equation has been
obtiined in tie case of one fli@t over a Mach number range up to 4.8
and altitudes w to 250,000 feet.

3. h the extension of Eber’s equation to fl&@t conditions,
better agreement between measured and’calculated sld.ntemperatures in
the case of V-2 missile 21 was obtained.when the boundary-layer
temperature was used as the characteristictemperature tham was
obtained when the sldn temperature was used, but one exper~ent is -
prolably not enough to make a final conclusion about the best choice
of temperature.

4. In the absence of further &perimental data the characteristic
lengbh to be used h Eber’s relation may be taken as the distance of
the yotit under considerationfrom the vertex of the conical body,
measured.along the surface of the cone.

Range of skin temperature.- lh view of the agreement between
measured skin temperatures on V-2 missile 21 and the temperatwes
calculated by use of equation (2) ad equation (3) with h based.
on ~, a series of general celctitions has been made. These calcu-
lations are designed to illustrate the range of skin temperatures which
can be encountered in the desiga or operation of supersonic air-borne
comkal structures and to illustrate the relative significsmce of the
six basic parameters in determlklng skin temperature. The fol.lowing
values of tie basic parameters were selected for investi~tion:

II G I I I

1 0.05
35, L0 2

80,000 ~ %
1~, 000 5 1.0
250,000 8 1.5

0.1
.5

1.0
G
5.0

0
0.05

%
1.0

“:
60
90

Time histories of skin temperature and equilibrium sktn temperatures
were cbmputed. The time-history calculations‘are for the convenient
assumed flight @an in which the altitude remati constant, the value
of M is reached instantaneouslyat t . 0, and.the imitial skin
temperature is equal to TA. In order to simplify the presentation and
to reduce the numler of calculations, the intermediate underlined values
of the basic parameters were selected as representative. Each perameter
was investigatedfor the five values @ven, while the other five
~eters were held at the underlined representative values.

--.——. .. .. . .. . _ ..— — ....- —- -.. .--— -—.—— -—— —.— —-
.!’



X2 WA TN NO. 1724 .

The results of the time-history calculations are given in figure 4,
which shows the change in the time history of skin temperature for the
various values of the basic parameters. The solid lines, indicating day
conditions,Include the msxlmum effect of solar heating. For the
dashed lines, representing tight conditions, the value of C was
taken as zero in evaluating equation (2).

.

Since the t~ of flight of most supersonic missiles smd air@.anes
is ltiely to be brief, figure 4 shows that the skin-tem@rature rise
during a limited time of fli@t, with the proper selection of basic

~ters, my be held to structuidly permissible values. In
particular, the value of KQ which is reached in any”specified time
at any syecified Mach nwiber is smaller at high altitudes, smaller
for large values of G and 2, and smaller fcr low values of j3.
For night conditions, increasing the vslue of e al..ys results in
lower values of Ts. For @ conditfbns, however, solar radiation
can result in more rapid heating so long as the value of Ts is less

than about 700° F a%solute. The effect is mall, however, and after
the skin temperature has risen hi@ enou@ so that the net radiation
exchange ?bsul.tsin a coo- of the stiace, an appreciable reduction

of skin temperatures can be achieved.by emyloying a surface emissivity
that approaches a value of 1.0. (See fig. 4(d).)

Stice the rate of increase of Ts msy become very small as Ts

approaches its final or equilibrium value Te~ the time histories of
SW temperature shown in figure 4 have not been extended beyond the
t3m.eat which the imitial tmqerature Uerence has fallen to about “
10 percent of its initial v~ue. me ~ue of Te is sho~, however,

in figure 5 for the same combinations of the basic parameters as were
wed in figure 4. The values for both ~ and ni@t conditions illustrate
the nmxinmm effect of solar heating, which is seen to be smald in all
cases except at very high al.tfties. For comparison, the value of TB fS

also shown in figure 5. V~ues of ~ were computed by use of equations (6)
and.(9)andreference 4; values of Te were computed by use of equation (10).

Skin temperatures for re~esentitive supersonic flight plan9.- m

order to illustrate the magnitude of aerodynamic-heating effects for
pcticable flight conditions, the t- history of skin temperature has
been computed for three hypothetical fld.ghtplans which are representative
of the ty_peof flight paths which might be useful for flight research with
supersonic air-borne structures. The results, shown h figure 6, are for a
point 1 foot back from the ayex on a conical nose of totel included angle 13

equal to 30°. Representative values of e = 0.2 and G= 0.2 Btu/(sqft) (%) .
have been chosen.
stainless steel or

Th@ value of G
O .061-inch-wck

is applicable to 0.034-inch-~ick
24S-T ~umtnum ~Oym

,

.

.—— —. —.:— .-— .—. . ——
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I

Flight -planA (fig. 6(a)) is a high-~titude run, fo~owed by a
constant-speed-de to lower altitudes. The skLn temperature does
not exceed 546° F absolute (%0 F). Flight @an B (fig. 6(b)) is arm
of 2-mibmtes duration at high speed and constant altitude. Because of
the ‘longthe spent at high speeds, the slcl.n temperature rises
to W70 F absolute (3W F). The yeak in temperature closely follows the
peak in speed. Fli@t @an C (fig. 6(c)) is a short burst of speed to
~ Mach number, with fdl power, and a longitudinal acceleration of ‘
approximately 2.8g. Because of the M@ s~eeds involved, the temperature
rise is very rayid and continues for appro-tely 20 seconds titer
the lower is cut off. At this ths the value of @ has fallen below
the value of ~. The maximum tempemture reached is 830° F absolute ,

(370° F). Although the skin temyemtures reached in the high-altitude
run, plan A, are not excessive from a structural stzmdpoint, the skin
temperatures reached in plans B and C sre excessive. Calculations
for plan C indicate that an increase in skin factor from O.2 to O.5
would result in a decrease in maximum sldn tmnperature of approxi-
mately 140° F to a value of 6900 F absolute (230° F) .

1.

conical

CONCLUSIONS

The experimental relation for heat-transfer coefficientsfor
bodies under supersonic conditiom given by Eber may be

extended to flight conditions.

2. Satisfactory agreement between measured skin temperatures
and temperatures calcuhted on the basis of Eber’s equation has been
obtained ~ the case of one flight over a Mach number range up to 4.8
and sltitudes up to 250,000 feet.

3. Tn the extension of Eber’s equation to fltght conditions, better
agreement between measured and calculated skin temperatures in the case
of V-2 missile 21,was obtained when the loumdary-layer temyeratwe was
used as the characteristic“temperaturethan was obtained when the skin
temperature was used, but one experiment is probably not enou@ to make
a final conclusion about the best choice of temperature.

4. lh the absence of further experimental data the characteristic
length to be used in Eber’s relation may be taken as the distance of
the yoint under considerationfrom the vertex of ,theconical body,
measured along the surface of the cone.

5. The skin teqeratures which will be reached on supersonic
missfles or airplanes may be very much less thaa either the equilibrium
skin temperature or the boundary-l~er temperature, at high altitudes,
smd also at low altitudes if the flight duration is short.

6. 3y proper selection of the basic parameters, the skin-teqeratu?m
rise during a limited time of flight may be held to structurally
permissible values.

—--- .— ... .. . ... —----..-—--—--—- - ---—. —. -T -- —.. —,. .-. ..-— — - .— —... -— .._ . . ..—. .-
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7. Low values of ah temperature and low rates of increase of
skin temperature at any given fl.i@rbveloci~ are associated with

/
(a) High altitude .

(b) Hi@ values for the ah of the product, specific heat times
thickness times syecific weight

(c) High values of emissiti~ \

(d) Small cone an@e

(e) Larger tistances back of the nose.

8. The effect of solar heating on the skin temperature of supersonic
air-borne structures ti smaU at altitudes below 1~,000 feet.

9. The radiation received from space and the outer atmosphere
@her than solar radiation may usually be ne@ected in the calculation
of skin temperaturesfor supersonic air-borne structures.

Lan@ey Memorial Aeronautical Ialoratiry
National.Advisory Conmittee for Aeronautics

Langley Fieid, Va., October 30, 1947
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AH?ENDIX A

DERIVATION OF TEE D~ lQuAmoN

l?mm~

The quanti~ of heat transferred in unit time through a fMid
film is given as

dQ = h@B - k) dt

The heat lost ly radiation is given by

and the radiant heat
given by

dQ = Ae@4. dt

absorbed from spce and

(Al)

(JQ)

the outer atmosphere is

(M)

Equation (A3) is based on measurements made on tie ground at
differ=nt angles to tie zenith reyorted in reference 10 ~ which it is
shown that the radiant ener~ received from space and.the atmosphere csn
be correlated with the local ambient atmospheric temperature if the
almmsphere is taken as a black lod.yof temperature TA a ‘ti~jt%%.,t~~~::~.J
The qu.enti~ b ‘varieslinearly with the sq~e root of the yrqodtion
of the total.atmosphere included in the path of the measurements. Since
the proportion of .the total almmsphere shove any point to the proportion
alove a point at sea level is given by the ratio p/p@ 5 has been Men

as proportional to fi in tie present paper. Al*ough this extensia
to high d.titudes of measurements nmle on the ground is admittedly an
ayprox5mation, the val.idilgof which must await eqer~ntal confirmaticm,
the approximation is considered a better one than would le the case
if some nominal black-lody

The variation of 5 with

from reference 10.

The equation

temperature were adopted for the atisphere.

~p p. is shown in figkre 7, as adapted

dQ = eAC dt (A4)

I
—.— .—.—. .__. . — —-—. --. — .—.. -—— —— —,. - ——-. — ..—. .—. —.
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.

.

can be hed to represent tie maximum amount of radiant heat absorbed
from the sun when the surface of the sldn is pqendicular to r~s
of the sun. The value of the solar constant C is given in reference 11
as 1.94 calories ~er square centimeter per minute (O.llg2Btu/(sq ft)(see)).
Since the solar constant is defined as the average total.ener~ received
from the sun per tit area per unit tjme at the top of the earth’s
atmosphere, corrected to the sun’s mean distance from tie center of the
earth, eqluation(A4) ne@ects the effects of season and the variation of
atmospheric absor@ion with altitude. The emissivity e is also used
in equation (A4) instead of the absorptivity for solar radiation.

. Although the absor@ivity of’some mterials of aircraft construction is
higher than their emissivi~, equation (A4) is thought to be a valid
approximation for the maximum effect of solar radiation ~tic~ly for
the range 0.2< G< 1.0. A more complete consideration of the effects
of solar radiation, particularly as to the influence of selective
absorption and emission on surface temperature, is leyond the scope of ,
the

the
(b)
(c)
the

present paTer. A brief discussion is foun$ in reference 12.

The heat required to raise the temperature of a body is

.
. dQ=cWdl? (A5)

It is assmned (a) that the heat transfemed to the interior of
cone can be ne@ected since the skin is backed by air only,
that radiation losses to other parts of the structure are negligible,
that radiation from the inner surface is balanced by radiation from
opyosite side of the cone, (d) that the thermal conduction of heat

away from the petit under con&iderationdue to a teqerature gradient
along the surface is ne@@ible, and (e) that the skin is sufficiently
tlulnthat no temperature gradient exists in the skin perpendicular to
the surface, due to the flow of heat at the external stiace. Under
these assumptions, for the ysrt of a cone perpendicular to the solar
radiation the following equation, cmbining equations (A5), (Al),
(A3), (A4\, and (A2),-wouldhold

(A6)

Since the weight of tie section of skin of area A cam be exyressed as

.

I

<. .— — ~–—- .---— ———.. — –—. ——-
,. ”,;.,,
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T

and since in equation (A6) dTs ~s,
\

the following basic differential ‘1,

equation for skin temperature is obtained \

‘TkLs equation (equation (l)) is given in a convenient general

form in order to permit a definite evaluation of the contribution to

d!17~/dt of the convection, radiation, and solar terms,. h cases of

practical interest, a brief study shows which of the term in the equation
may be Omittea without the introduction of significant errors.

.

.-—. —.. -+.-.. .. -—. ——————..—. ..— .—— — .-— ... .. ... .... .. . . . . . .... . . ____ .
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APPENDIX B

NUMERICAL CNCUU@IoNs WITH TEE HEAT-BKCANCE EQUATION

Numerical inte~ation. - In the step-by-stepnumerical integration
of equation (1~, reamanging the terms as follows has been found
convenient:

% TY - %4 -%—=
at e (Bl)

:::+ ’(!!A’+:)

8=;
1

where

#

(B2)

The m?ugitude of B ((OF atm.)‘3) is a measure of the relative
sigdficance of the radiation and conduction terms. The quantity T2
which may te termed the yotential temperature is a fictitious temperature
resulting from all of the heating termE in equation (1). The q-ti@ o
is the the constant of the thermal system and is a measure of the time
(in seconds) required for an initial.taqerature clifference to fall
to l/e times its original value (when radiation may be ignored).

Numerical integration over successive time intervals tl, t2,... h

~+~ when neither the speed nor altitude is chmging is a simple
iterative“arithmeticyrocess which can be quicldy carried out. For
flight paths in which altitude or speed vary with tfie, the process is
essentially no more complicated once the avezags vslues of ~, h,

* ~A4have been determined for each time interval. For such

varying flight paths, equation (2) would be written

(
—.—4-%)?‘S2~@1+ Tp-~m (’3)

____ .————_.. -———.—— —- —.-... . .,
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where

e=;

Although the temperature Ts2 which is reached at the end of

the time interval At is not known in a stey-by-step integration, a
reasonable value may be assumed. The value of Tm corresponding to

this assumption is then used.to calculate a value %2 Y and this first

calculated.value is compared with the assumed.value. E there is a
difference letween the two values, rapid convergence is generslly
obtained if a new ass~d TS2 is wed which lies midway between the

assumed value and the first calculated value. Two or three iterations
of this type generddy give assumed and computed values of %2 which

agree within 0.2° F, a vslue which is judged to be sufficiently close
to prevent serious accumulative errors.

Ayyroxlmate inte~al solution.- Equation (Bl) canhe integrat@
approximately by analo~ with the integral of the basic equation for
heat flow, generally known as Newton’s law. The ap@ication of mS
law to thermal prollems and, in particular, to thermometers has been
@venby a number of authors. (See, for exsqle, reference 13.) The
temperature of a thin sheet of skin initially at temperature ~ which

is plunged into a bath of temperature ~, frornwhlch it is hstited

by a @erwith heat-tramsfer coefficient h, is givenas afunction
of the by the equation

(B4)

.-. .— . .. ... . ... __ . . . ..——.— - —-..—. . .._— _ .-
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The solution of equation (B4) is

N-T e-t/e
1 TB +’ (B5)

Ifthetemn T -BT
4

L

in equation (Bl) can be considered a constant -

ovar a small t e intervsl At, thenan intepal of equation (Bl)
can be written as

k!2?2!b. +0

(‘P )- BTm4 - Tl “
(B6)

where, as before, Tm is the mean value of T over thetime tntervsl At.

Equation (B6) maybe
integration as

T2 =

rewritten in a form suitable for step-by-stey . .
/

.

( )( )-At/Q -At/e

‘P -
BTm4 ~ _ e + Tle (B7)

Since Tm over the the interval At is not lmown, T1 cm be wed
aa a first assmnption for Tm, and the resultant value of T2 used

to make a better assumption. In view of th9 assumptions used in the
derivation of equation (B7), values of At/e should not exceed 0.25.
A sample calculation made by use of equation (B6) is given in table IV. For
a rayid approxhation, the iterative process msy be eMmlnated and the
value of T2 obtained by assming that Tm = T1 may le used as the

value of T1 for the next time interval.
.

Charts for the rapid evaluation of heat-tramfer coefficient and
equations for the quick calculation of the the history of sktn tempera’ties “
during short-the supersonic fld-@t are given inreferepce 14, which also
shows the effect of acceleration on skin te~erature.

.

——-- —— -- —.—— .—— _ . -,.-—— . —-
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TABZEI

COMI’ARISONOF STAGNATION ~

BY USING CONSTANT AND VARIAELE SPECIFIC

[Tempe=turea in % abs~

I I

NACA TN NO. 1724

cOMPum31

HENI!OFAJR

M r%
7 = 1.4

T1 470
2 706

1098
: 1647
5 2352
6 3142

7 4232
8 5412

%
eqmtion (9)

470
705

1087
1600
2210
2860
3760
46&)

TT
y = 1.4

622
933

1451

?Ul
423
5599
7154

equa%oxt (9)

622
929

1k18
2060
2844
3770
4830
6040

=5=’

.

,

,,

I

.
“f
t.

t
“,

. I

,

.

.

,. ,

.

.1

.. . —— .
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TABLElz

THERMAL 2ROPERTIESOF MkTERIim

.

Syecific heat and.s~ecific weights

Material (Btu/(~b)(OF)) (lb;ft%

Aluminum
Pure CO.226 168.5
24S-T c. 226 172.2

Wrought iron .u38 483.6
Stainless steel .142 492.5

Magnesium c .249 108.6

Syecific heat of ironb

(;) . (OF:bs. ) (Btu/&)) (%))

o 492 0.1055
200 852
400

.1282

600
.1509

1572 .1737

%+-a from reference 7. w
%ta taken from table en~itl.ed“SpecificHeat -

Variation with Temperature” of refere~e 8.
cFor 0° to 100° C. “

/
\’

*

.&

.

-. . ..- . ....._J-----— ..— — —~ .—. .—_. ..... .-— —. ..__ ——-—. ...



24 NACA ~NO. 1724 .

TAEm III

SKmwmmwrmm MEwmMmm FclRv-2.MIssm 21. .

FIREDMARm7, 194P

[
P, 260j size of temperature gage, 0.014 in. ~ 0.6 . by 3.5 in.,

7approx.; surface finish, orange lacquer

me titer Altitude Ts TS

Unching (m) Velocity ‘A (Alfim) (W#)

(see) (b).
(m/see) (mmTHg) (OK)

(c)(e)(c)(0 ‘

o 1.2 0 645 280 22 30
10 1.7 109 600 279 22
20 3.5 260 267 22 ‘%
25 5.0 348 E 261 22 30
30 438 300 246 25
35 ;:: 530 210 228 35 ;:
40 12.3 646 130 23.8 45 40
45 15.9 810 76 215 62 55
47.5 18.0 900 , 215 77 65
50 20.4 995 .% 215 m 75
52.5 23.0 logo 23 215 97 84
55 25.9 1200 14.5 21.6 108 92
57.5 29.0 1305 9.6 216 U8 98
60 32.4 1420 5.8 217 124 105
65 39*9 1540 2.3 270 135 IJ.6
70 47.5 1490 .95 315 142 122
g 54.8 1440 .40 320 147

61.8 pjgo .18 299 156 U25
100 W*5 =OQ .003 200 160 t ““”

%ta supplied by Naval Research Laboratoq amd given in referencq 2.
bTo witldn @.51m.
cTo ~~ %10° C“

%hiclmess of 3S altium-alloy section, 0.091 in.; temperature gage
at 2 = 1.5’ft.

‘Thickness of Bpec.
temperature gage

.

,

4&35, grade M steel section, 0.109 in.;
at 2 = 2.6 ft.

w
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Figure 1.- Temperature recoveryfactor K - aa a functionof
‘T - ‘A

Mach numkr and cone angle. Data from reference 3.
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Figure 2.- Skinfactorforvariousaircraftstructuralmaterials.
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I Figure 3.- Time history of calculated and measuxd quantities during ascending part of flightpath of
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(b) Flight-pathparameters.

Figure3.- Concluded. . .
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(a) Mach number I&
G=

s=-

- e.. —.-” --
___

fl

/
-—-— - —— --- --——

,---- -

=5=
200 300

Z-me , sec
-.
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Figure 4.- Chauge in skin-temperaturetime historyforvariousvaluesof
designparameter.
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Figure 4.- Continued.

1 1 I

0

two
5 /0 15 20

min

c = 0.2;z = 1 foot;

..— --- . ...— ——-— —. ..—__— _ __ _.. —



32 NACA ‘TNNO ● 1724
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I
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(c) Skinfactor G. M =C3; H = 80,000feet;G = 0.2;z = 1 foot;.~ = ~“.

Figure4.- Continued. .
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(d) EhllL%siI&T e c M = 3; H = 80.000 feet: G = 0.2 Btu./(sq ft)(°F);

.

———-. . . . . .. .. —- _____ .-. . .. . . .,_ ..—. —,. —-. .. .. . ---- ____ _ -——.-.—... . . .. . .-



-. _.. . ..-— .—-. .—.— ——...— --

34 NACA TN NO. 1724

.

/004

90L

80L

706

60i

506

40L

.5 /

~

+

//
//

D“
--- Mght

T
=s9=

(e) Length

o

2. M=3;

/00 zoo

500

400

300

zoo

’00

0

‘loo

H = 80,000feet; G = 0.2Btu/(sqft)(°F);
p = 330.

Figure 4.- Continued. .
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(f) Cone angle p. M = 3; H = 80,000feet; G = 0.2Btu/(sqft )(@);
6 = 0.2;

Figure 4.-

z= 1 foot.
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(a) VariationwithMach number. H = 80,000feet; e = 0.2;
z = 1 foot; $ = 32°.

Figure 5.- Variationofequilibriumskintemperature Te; day and

nightCOIlditiOnS.

.

— —. — . —--—. . —— - .-—. —
:.. ,.”



NACA,TN No. 1724 37

/600

\

/506 \

I

/400 I; ,L
1 \

\
/300 \

I

/
\

I \

1100

\\
\\

/000

\
@oo \

—Lby ~
\
1
\

-Y--N/ghf &
\

800 “
\
\

‘-– ~ \
\
\

700 ~
)
!
\!

v
6’m-

900

800

500

400

300

zoo

-0 so ‘/00 A.50 200 250 xl@
H, f{

Variationwithaltitude.M = 3; 6 = 0.2; Z = 1 foot; @ = 33°.

Figure 5.- Continued.
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Figure 5.- Concluded.
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(a) Flight plan A,

Figure 6.- Time htstory of Mach numbw?, altitude,and calculatd skin temperature for hypothetical

supersonic frightplans. L -1 foot;G -0,2 W#(sq ft)(°F).
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(b) Fli@t pkll B.

Figure 6.- Contiued.
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Figure 6.- Concltied.
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Figure 7.- Sky radiationfactor. Data from reference10.
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